Introduction
Interstitial free (IF) steel has been widely used in the automotive industry due to its reasonable combination of high strength and formability and exhibits excellent deep drawability with a high plastic strain ratio, good elongation, high hardening index and low yield to tensile strength ratio. These advantages greatly enhance its application in sheet stampings for automobile manufacturing. 1, 2 The inclusion of accessories to meet the growing demands for safety and comfort in modern vehicles leads to an increase in weight and therefore fuel consumption. Thus the body in white must be lighter to compensate for the weight of these components. Therefore tailored blanks are used, which reinforce the body in white only in areas where a higher strength or stiffness is necessary. Nowadays the term "tailored blanks" refers to blanks that are manufactured from sheets with similar or different thicknesses by a welding process, adhesively bonded, or by a rolling process, making four subgroups: tailor-welded blanks, patchwork blanks, tailor-rolled blanks and tailor heat-treated blanks. 3 The generation of residual stresses during manufacturing processes also causes unwanted and problematic deformation, which can be costly to correct. The large amount of non-uniform heat input inherent in most welding processes generates characteristic distributions of residual stress, which tend to have particularly adverse mechanical effects. This makes welding a frequent cause of tensile residual stress problems in engineering practice. 4, 5 On the other hand, compressive stresses are sometimes introduced deliberately, such as by shot peening mechanical treatment, used to improve some benefits. 6, 7 The welding process is closely linked to the development of residual stresses. Thus, knowledge about the nature and magnitude of residual stresses at the end of the welding process is very important because it can directly influence the component service life. However, automated welding processes such as LBW and PAW, in the context of residual stresses have not yet been studied in IF steel. Laser beam welding has been applied in the automobile industry because this process responds positively for the most demanding specifications with increase productivity and quality. The PAW process, whose development was based on gas tungsten arc welding (GTAW), is an innovative arc welding process, still little explored, but with great potential for applications in the automotive industry. [8] [9] The purpose of this work is to investigate the residual stresses resulting from Laser Beam Welding (LBW) and Plasma Arc Welding (PAW) processes by X-ray diffraction technique in IF steel butt joints. In addition, residual stresses in both welded joints with shot peening mechanical treatment were analysed by removal layer process. Microstructural analysis and mechanical properties characterization complemented this study.
Evaluation of Residual Stresses and Mechanical Properties of IF Steel Welded Joints by Laser and Plasma Processes
Interstitial free (IF) steel has an extensive application in the automotive industry where the Laser Beam Welding (LBW) process is widely used due to its high productivity. Similarly, the other used process, Plasma Arc Welding (PAW), is characterized by a greater energy concentration and current density and therefore lower distortion, higher welding speeds and higher penetration may be obtained. However, while the traditional welding processes have been extensively studied with regard to the generation of residual stresses, there are few studies about residual stresses analysis and characterization of LBW and PAW joints. Therefore, the aim of the present work is to analyse the residual stresses resulting from LBW and PAW processes by X-ray diffraction technique with sin 2 ψ method in IF steel butt joints. For both joints, macro and microstructure were characterized and mechanical properties were determined. Tensile residual stresses in the heat-affected zone (HAZ) and in the fusion zone (FZ) were verified for both welding processes.
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Material and Method
The present investigation has been conducted with 2 mm-thick titanium stabilized interstitial free (Ti-IF) steel. The chemical composition in weight per cent and the mechanical properties of the steel, obtained experimentally, are shown in Table 1 and 2, respectively.
The sheets are sectioned for test samples with a specification of 200 mm x 150 mm using a CO 2 laser equipment. The welding was made on a 200 mm edge in a butt joint square groove. The sheet surface was cleaned with a cotton ball dipped in acetone before welding to remove oil stains on the surface.
Laser welding was carried out using a high-power CO 2 laser system. The sheets were arranged with the 1 mm gap between the parts surfaces, and rigidly held using pneumatically controlled clamps. Helium (He) was used as shielding gas through a coaxial nozzle to protect the fusion zone, with a 100 L/min gas flow and 4 mm/s welding speed.
An EWM Tetrix 400 Plasma machine with an integrated Motoman SSF2000 robot and PCT 300 welding parameter software were used, allowing the whole plasma welding procedure to be supervised. The welding current and voltage were set at 110 A and 14.4 V, respectively. The welding torch stayed at the origin for a few seconds to ensure complete joint penetration and then it moved forward along the welding direction at a speed of 4.7 mm/s. Other process parameters can be summarized as follows: plasma gas (pure argon) flow rate 2 L/min, shielding gas (pure argon) flow rate 13.5 L/min. Figure 1 shows the appearance of samples in the top welding joint for both welding processes.
Surface residual stresses were measured by the X-ray diffraction (XRD) technique, based on Bragg's law, using CrKα radiation (λ Crkα = 2.29092 Å) diffracting the (211) plane for ferrite phase at 2θ = 156.41°. The stress measurement was performed in an XStress3000 portable analyser with a 1 mm collimator (30 kV, 6.7 mA), using the sin2ψ method for which the lattice spacing d of material was measured at five ψ-angles between -45º and +45º. Based on a linear regression fit, the variations of 2θ versus sin 2 ψ plots were recorded and the residual stress was evaluated. An accuracy of approximately 15 MPa was achieved using X-ray diffraction.
The removal layer method used to obtain the profile of residual stress variations through the thickness was the electrolytic polishing, which consists on the electrolytic removal of the metal on a high ionic solution by means of electrical potential and current. A sodium chloride saturated solution with glycerin was used as electrolyte, and the voltage and current parameters were 30 V and 20 A, respectively.
The depth of the removed layer was determined with a digital dial gauge.
Residual stresses were measured in joints after laser and plasma welding and afterwards shot peened on the transversal (T) and longitudinal (L) direction of the weld bead, in the top and root region. These measurements were made in the base metal (BM), heat-affected zone (HAZ) and fusion zone (FZ). The extension of HAZ in PAW and LBW joints is 2.2 mm and 0.7 mm at the centre line of the FZ, respectively (Figure 2) .
The shot peening treatment was performed according to SAE J442 specification 10 , at an Almen intensity of 0.15 A, with N strip type, using glass shot with a diameter of 0.1 mm.
For optical micrograph the samples were prepared using conventional metallographic technique, with a final polishing step in 1 µm diamond paste followed by a light etch at room temperature in 2% Nital solution, used to reveal ferrite grain boundaries. Second etching solution was composed of distilled water (50 ml), sodium thiosulfate (50 g) and potassium metabisulfite (1 g) and samples were immersed in the solution for about 60 to 90 s.
Samples for the characterization of the mechanical properties were made according to ASTM A370-14 standard 11 
Results and Discussion
The surface residual stresses were analysed in longitudinal (L) and transversal (T) directions in the BM, HAZ and FZ, as shown in Figure 2 and the results are presented in Table 3 and in Figures 3 and 4 . Uncertainty in the measurements is indicated by the error bars.
Analysing the values of residual stresses in Table 3 and Figures 3 and 4 , in as-welded condition in both processes, on the top and at the root of the joints, it is possible to verify that the residual stresses at the top and the root were compressive in all analysed locations and directions, except in FZ and HAZ of the top surface and HAZ of the root surface in the longitudinal direction. In the FZ tensile residual stress is maximum and near the ultimate tensile strength of the base metal due to the very high heat input on the top side and inhomogeneous cooling process. Despite the high residual tensile stresses are located only in the longitudinal direction, it may affect the service life of the welded joint and can lead to premature failure of the . The residual stresses after both welding processes presented consistent results in the top region, where the surface tensile stresses are present in the centre of the weld seam, with lower surface tensile stresses on the HAZ, while the base metal has surface compressive stresses in the order of -100 MPa in the longitudinal direction, as shown in Figures 3a and 4a . The residual stress level is directly linked to restriction of the welding joints and with LBW and PAW being highly restricted processes, the different cooling contraction of the heated regions becomes the main source of residual stresses in the longitudinal direction, maximum restriction direction welded joints, resulting in tensile stresses on the FZ and HAZ. Nevertheless, in the transversal direction, all regions showed compressive residual stresses. In this case, both welding processes were performed using relatively high speeds and intensive cooling of the surfaces associated with microstructural changes that occur in the FZ and HAZ resulting in a compressive residual stress surface, on the top and at the root.
The results of residual stresses generated in welding by both processes (LBW and PAW) also show that there is no difference in the residual stresses fields in these joints and, therefore, there is no superiority of one process compared to another, in this context.
After the shot peening treatment, residual stresses were changed to homogeneous compressive values of about -300 MPa for both welding processes. In Figure 5 the residual stresses subsurface profiles in FZ are shown. If comparing the residual stress levels in both samples, the PAW welded sample presents a more compressive field than the LBW sample, in spite of the similar value in the surface and the same shot peening treatment. The largest gradient between them occurs at a depth of 50 µm where the compressive residual stresses in the plasma weld reaches its peak, about -450 MPa.
The subsurface behaviour of these stress fields in the profiles obtained through the thickness for both processes analysed up to a depth of 140 µm can be seen in Figure 5 .
Tensile stresses remained compressive up to depths of 120 µm and 100 µm for LBW and PAW, respectively, and thus inverted the nature of the stresses.
In the Figure 6 the base metal optical microstructure that consists in equiaxed ferrite grains is presented. Figure 7 shows the welded joint cross-section microscopy of LBW and PAW processes. It was observed that the weld was performed without porosity and cracks. Both welding processes showed in the fusion zone microstructure (Figure 8 ) formed by the equiaxed ferrite grains with irregular shapes and sizes. Significant grain growth was observed in the HAZ region and this result is coherent with that found by Bayraktar et al. (2007 Table 4 lists the obtained mechanical properties of base metal and welded joints.
The tensile tests showed that the fracture occurred on the base metal in both, LBW and PAW, processes, although the specimens have been manufactured transversely the weld joint (Figure 9 ). This clearly shows that the fusion zone is not the portion where the crack would start when it is deformed in tensile test. The ultimate tensile strength (UTS) values obtained in both processes were very close to the base metal as shown in Table 4 .
An SEM micrograph analysis of the samples fractured surface of IF steel was carried out. The observed dimples were characteristic of the micromechanism of a ductile fracture, i.e. void nucleation, growth and coalescence. The precipitates that caused the void nucleation were still visible on the bottom of the dimples. Figures 10 and 11 show the SEM micrographs of the fracture surfaces. The fracture surface near the specimen surface showed a combination of both equiaxed and elongated dimples near the edge, indicating the occurrence of shearing motion 15 . The Vickers microhardness profiles performed on the weld joint cross section in LBW and PAW are shown in Figure 12 . It was observed that the microhardness in the metal of welded seam were found: 1.3 mm for LBW and 9 mm for PAW ( Figure 12 ). These different widths and microhardness values occurs because the arc welding is affected by an extra source of ohmic heating due to the electric current in PAW, with high heat input, which doesn't happen in LBW, and it is known that PAW offers greater energy density and thermal efficiency than conventional arc welding processes.
Conclusions
In this study, surface and subsurface residual stresses resulting from Laser Beam Welding (LBW) and Plasma Arc Welding (PAW) processes by X-ray diffraction technique in IF steel butt joints were analysed. In addition, microstructural analysis and mechanical properties were examined. The following conclusions can be drawn from this work:
1. The residual stresses on the top and at the root of the joints have very similar magnitudes between the welding processes. High longitudinal tensile residual stresses were verified in HAZ (~170 MPa) and FZ (~300 MPa) for both welding processes on the top side.
2. The compressive and homogeneous residual stresses (-300 MPa) introduced by shot peening treatment for both welding processes, analysed through the thickness of the material, showed that residual compressive behaviour remained up to a depth of approximately 110 µm before becoming tensile. The largest gradient between them occurs at a depth of 50 µm where the residual stresses in the plasma weld reaches its compressive peak of about 450 MPa.
3. It was observed that failure process of the specimens from both welding processes occurred in the base metal, characterizing high structural integrity of the both welded joints. The ultimate tensile strength (UTS) values obtained in both cases were very close to the base metal. SEM micrographs of the samples fractured surface were observed and confirmed the micromechanism of a ductile fracture.
4. The Vickers microhardness in the fusion zone in LBW was about 40% more than in PAW due to the high energy densities.
